Although elevated activity of the tryptophan-degrading enzyme indoleamine 2,3-dioxygenase (IDO) has been proposed to mediate comorbid depression in inflammatory disorders, its causative role has never been tested. We report that peripheral administration of lipopolysaccharide (LPS) activates IDO and culminates in a distinct depressive-like behavioral syndrome, measured by increased duration of immobility in both the forced-swim and tail suspension tests. Blockade of IDO activation either indirectly with the anti-inflammatory tetracycline derivative minocycline, that attenuates LPS-induced expression of proinflammatory cytokines, or directly with the IDO antagonist 1-methyltryptophan (1-MT), prevents development of depressive-like behavior. Both minocycline and 1-MT normalize the kynurenine/tryptophan ratio in the plasma and brain of LPS-treated mice without changing the LPS-induced increase in turnover of brain serotonin. Administration of L-kynurenine, a metabolite of tryptophan that is generated by IDO, to naive mice dose dependently induces depressive-like behavior. These results implicate IDO as a critical molecular mediator of inflammation-induced depressive-like behavior, probably through the catabolism of tryptophan along the kynurenine pathway.
Introduction
Increased prevalence of comorbid major depressive disorders occurs in a number of conditions (for example, aging and obesity) and diseases (for example, atherosclerosis, congestive heart failure and rheumatoid arthritis), all of which have a common chronic inflammatory component. 1 Depressive symptoms frequently develop in patients undergoing cytokine immunotherapy for the treatment of viral diseases and certain cancers. 2, 3 In most of these conditions, clinical reports have revealed an increase in the ratio of plasma kynurenine to tryptophan. This increase in the kynurenine/tryptophan ratio is associated with increased plasma levels of neopterin, a marker of macrophage activation, which points to activation of the tryptophan-catabolizing enzyme indoleamine 2,3-dioxygenase (IDO). 4 IDO is an extrahepatic enzyme that is present in macrophages and other cells that degrades the essential amino acid tryptophan along the kynurenine pathway. This enzyme is induced by proinflammatory cytokines, mainly interferon-g (IFN-g) 5 and tumor-necrosis factor-a (TNF-a). 6, 7 When IDO is activated in conditions of chronic inflammation, its degree of activation is correlated to the intensity of depressive symptoms, as observed in cancer patients chronically treated with IFN-a. 8 Acute activation of the peripheral innate immune system in laboratory animals, through the administration of the cytokine inducer lipopolysaccharide (LPS), induces depressive-like behavior, as measured by increased immobility in the forced-swim test (FST) and tail suspension test (TST), decreased consumption of a sweetened solution and a suppression of sexual behavior, 9 ,10 which can be attenuated by chronic antidepressant administration. 9 LPS-induced depressive-like behavior can be observed even after the acute behavioral response and reduction in food intake that are characteristic of sickness in LPStreated mice have normalized. 10 Chronic activation of the immune system via inoculation of Bacillus Calmette-Guerin, an attenuated form of Mycobacterium bovis, has the same effect. 11 In both cases, depressive-like behavior is associated with increased IDO activity.
Activation of IDO by proinflammatory cytokines alters serotoninergic and glutamatergic neurotransmission. Since tryptophan is the limiting factor for the synthesis of serotonin, decreased circulating tryptophan concentrations, as occurs in patients undergoing immunotherapy, have the potential to negatively impact serotoninergic neurotransmission. 8, 12 IDO is also expressed in brain endothelial cells, perivascular macrophages, astrocytes and microglia, 13 so that fluctuations in its enzymatic activity can alter brain tryptophan metabolism. Alternatively, the major product of peripheral tryptophan degradation by IDO, kynurenine, is readily transported across the blood-brain barrier 14 into the brain where it can be further metabolized by perivascular macrophages, microglia and astrocytes to generate neuroactive glutamatergic compounds. 13 In fact, heightened glutamate receptor activity may play an important role in major depression. 15, 16 To test the possibility that activation of IDO during inflammation is responsible for development of major depressive disorders, we determined whether inhibition of IDO indirectly (by a treatment that targets proinflammatory cytokines that induce IDO) or directly (by a treatment that blocks IDO activation) abrogates depressive-like behavior in the LPS model of acute immune stimulation. The semisynthetic tetracycline derivative, minocycline, was chosen for the first approach. Minocycline has potent anti-inflammatory effects independent from its microbicidal properties, as it is well-known to inhibit macrophage and microglial activation. Of all the tetracyclines, it has the greatest permeability through the blood-brain barrier, 17 and it confers therapeutic benefits in many CNS disease models, including ischemia, 18 Parkinson disease, 19 amyotrophic lateral sclerosis 20 and multiple sclerosis. 17 The tryptophan analog 1-methyltryptophan (1-MT) was chosen for the second approach. 1-MT, a competitive inhibitor of IDO, blocks human dendritic cell regulatory function in vitro 21 and functions in vivo to block IDO-mediated immune events in animal models of rheumatoid arthritis, 22 type 1 diabetes 23 and multiple sclerosis. 24 We show here that inhibition of IDO activation with either approach fully abrogates LPS-induced depressive like behavior.
Methods

Animals and treatments
All animal care and use were conducted in accordance with the Guide for the Care and Use of Laboratory Animals (NRC) and approved by the Institutional Animal Care and Use Committee. Experiments were performed on 10-to 14-week-old male Crl:CD1 (ICR) mice obtained from Charles River Laboratories (Wilmington, MA, USA), whose average body weights were 35-40 g at the beginning of the experiments. Mice were individually housed in standard shoebox cages, with wood shavings litter, in a temperature (23 1C)-and humidity (45-55%)-controlled environment with a 12/12-h modified dark/light cycle (light on 1100-2300 hours). Food and water were available ad libitum. Mice were handled individually everyday for 10 days before the experiments.
Lipopolysaccharide (L-3129, serotype 0127:B8) and minocycline-HCl (M-9511) were purchased from Sigma (St Louis, MO, USA). On the day of injection, fresh solutions were prepared by dissolving compounds in sterile endotoxin-free isotonic saline and administered i.p. The dose of LPS (0.83 mg kg
À1
) was selected on the basis of its ability to induce the full spectrum of the acute sickness response 25 and a reliable increase of brain IDO activity, a putative mechanism in the depressive-like behavior induced by LPS. 26 Minocycline was administered at a dose of 50 mg kg À1 once daily for 2 days prior to and on the same day as LPS injection. 1-MT, or placebo, slowrelease pellets designed to continuously release 5 mg day À1 of drug for 21 days were purchased from Innovative Research of America (Sarasota, FL, USA). Pellets were implanted subcutaneously beneath the dorsal skin surface, according to the manufacturer's instructions, 1 week prior to the i.p. injection. 1-MT was only present in the plasma (8.05 ± 0.58 mmol l À1 ) and brain tissue (4.51±0.28 pmol per mg tissue) of mice implanted with the drug-containing pellet, not placebo.
Behavioral experiments
All behavioral experiments were performed during the first 4 h of the dark phase of the light cycle.
Locomotor activity. The effects of LPS on locomotor activity (LMA) were assessed in mice individually placed into a clean, novel cage similar to the home cage, but devoid of bedding or litter. The cage was divided into four virtual quadrants, and LMA was measured by counting the number of line crossings and rearings over a 5-min period. Counting was done by a well-trained observer who was blind to the treatments.
Forced-swim test. The FST was conducted essentially as described previously. 27 Briefly, each mouse was placed individually in a cylinder (diameter: 23 cm; height: 31 cm) containing 15 cm of water maintained at 23 ± 1 1C. The water was changed between testing sessions. Mice were placed into the water for 6 min and then returned to their home cage. During the test, the mice were video recorded from above, and the duration of immobility was determined over the last 5 min of the test using the mobility function of the 'Observer Basic' software (Noldus, Wageningen, The Netherlands). Briefly, mice are recognized in contrast from their background and tracked in two dimensions as the surface area of the detectable object (mouse) moves within the predefined arena. Mobility is defined as the displacement of detectable surface area (mouse) over time and is averaged over three sample intervals to reduce error generated by sharp movements or missing frames in the digital record. Program analysis settings were sampling rate = 3 s
À1
; detection method = subtraction with low threshold of 20 and high threshold of 255 and minimum detectable object size of 200 pixels; image filtering = 2 pixel erosion and dilation; and mobility threshold = 20% with three interval averaging.
Tail suspension test. The mice were taken from their home cage and a small piece of adhesive tape was placed approximately 2 cm from the tip of the tail. A single hole was punched in the tape and the mice were hung individually for a period of 10 min on a hook connected to a strain gauge. A computerized system for processing the force exerted on the gauge (Mouse Tail Suspension Package, MED-TSS-MS; Med Associates, St Albans, VT, USA) automatically collected and analyzed the movements of each individual mouse. The time of immobility was determined after establishing a threshold level for each individual mouse that was set precisely at the activity level that would exclude all movements and only encompass immobility. Time below this threshold indicated the time of immobility. Program analysis settings were integration = on; resolution = 0.1 s; gain = 4; and start trigger = 20.
RNA extraction and reverse transcription
Total RNA from the whole brain samples was extracted in TRIzol reagent. All reverse transcriptase reactions were carried out in a Stratagene Robocycler Gradient 96, using an Ambion (category no. 1710) reverse transcriptase kit according to the manufacturer's instructions, using 125 ng total RNA and random decamer primers for each reaction. All RNA samples were reverse transcribed simultaneously to minimize interassay variation associated with the reverse transcription reaction.
Real-time RT-PCR
Real-time reverse transcription PCR was performed on an Applied Biosystems Prism 7900 using TaqMan gene expression assays for TNF-a (category no. Mm00443258_m1), IL-1b (category no. Mm00434228_m1), IFN-g (category no. Mm00801778_m1), IDO (category no. Mm00492586_m1) and glyceraldehyde 3-phosphate dehydrogenase (category no. Mm999999_g1) were purchased from Applied Biosystems (Foster City, CA, USA). Reactions were performed in duplicate according to the manufacturer's instructions, using 125-ng cDNA template for each reaction. Amplifications without reverse transcription or template were included as negative controls. Relative quantitative measurement of target gene levels was performed using the DDC t method, where C t is the threshold concentration. Glyceraldehyde 3-phosphate dehydrogenase was used as the endogenous housekeeping control gene.
HPLC
Plasma tryptophan and kynurenine were analyzed by high-performance liquid chromatography (HPLC) using an ESA Coulochem II detector with a 5041 Enhanced Analytical cell containing a glassy carbon electrode ( þ 600 mV). Mobile phase (pH 4.6) consisted of 75 mM NaH 2 PO 4 , 25 mM EDTA (disodium salt) and 100 ml l À1 triethylamine in acetonitrile/water (6:94, v/v). Brain monoamines were analyzed at þ 320 mV. The monoamine mobile phase (pH 3.0) consisted of 75 mM NaH 2 PO 4 , 25 mM EDTA (disodium salt), 1.7 mM octanesulfonic acid and 100ml l À1 triethylamine in acetonitrile/water (7:93, v/v). The chromatograms were integrated and quantified using Dynamax MacIntegrator II software (Rainin Instruments, Woburn, MA, USA).
Plasma (50 ml) was mixed with a solution of 10% sulfosalicylic acid solution (10 ml) and allowed to precipitate proteins on ice for at least 30 min. After the precipitation, samples were centrifuged at 12 000 g for 10 min at 4 1C. The supernatant was extracted and loaded into a Costar Spin-X centrifuge tube filter (0.22 mM Nylon Part no. 8169 Corning Incorporated) and centrifuged at 12 000 g for 6 min at 4 1C. For the current study, plasma extracts were diluted at 1:50 following the extraction steps described above.
Mouse brains were first weighed and then homogenized in 500 ml of a 0.1-N HClO4/10 mM ascorbate solution using a 1.5-ml centrifuge tube and disposable pestle. Upon complete homogenization, the brain samples were centrifuged at 12 000 g for 5 min at 4 1C. After homogenization, the supernatant was extracted and loaded into a Costar Spin-X tube filter and centrifuged at 12 000 g for 5 min at 4 1C. For the current study, the sample extracts were then diluted at 1:10 (v/v) in 0.02 N HClO4 and analyzed for kynurenine, tryptophan and 1-MT. The brain extracts, which were analyzed for 5-HIAA and serotonin were diluted at 1:100 (w/v) and injected into the HPLC system. Data from plasma samples are expressed as mmol l
À1
, while data from brain samples are expressed as pmol per mg tissue.
A standard curve was generated on each day from concentrated (2 mM) tryptophan, 1-MT and kynurenine standards made up in 0.02 N HClO 4 and held at 4 1C until a 20-ml volume was injected into the system. Standards were made using a serial dilution technique that made the standards to levels that would encompass expected levels in the plasma samples. The standard curve was created using the system software and samples were not analyzed unless a linear standard curve with r 2 greater than 0.995 was achieved.
Statistical analysis
Behavioral data (mean±s.e.m.) were analyzed using a one-way (treatment), two-way (pretreatment Â treatment) or a three-way (pretreatment Â treatment Â time) analysis of variance with repeated measurement on the time factor where appropriate, followed by a post hoc pairwise multiple comparison procedure using the Fisher's LSD method, if the interaction was significant.
Results
Minocycline blocks LPS-induced depressive-like behavior
Mice were pretreated with minocycline (50 mg kg À1 ) or physiological saline once daily for 3 days followed by a single i.p. injection of LPS (0.83 mg kg À1 ) or saline in a 2 Â 2 factorial arrangement of treatments. Mice were then weighed and submitted to tests of sickness or depressive-like behaviors before being euthanized for collection of brain samples. The LPSinduced sickness response was measured at 6 and 24 h post injection by assessing changes in body weight loss (Figure 1a) , core body temperature, food consumption and LMA in a new cage ( Figure 1b ). As expected, there was a significant minocycline Â LPS effect on the change in body weight 24 h after LPS injection (F 1,46 = 49.39, P < 0.01), and the sickness behavior-inducing properties of LPS were more marked at 6 h than at 24 h and attenuated by pretreatment with minocycline (P < 0.01).
There was a significant minocycline Â LPS interaction (F 1,46 = 5.06, P < 0.05) for duration of immobility in the FST carried out at 24 h post-LPS injection (Figure 1c ). This is a time point when typical acute sickness behavior was no longer apparent. LPS increased duration of immobility in saline-pretreated mice (P < 0.01), and this effect was totally blocked by minocycline pretreatment (P < 0.01). Similar results were obtained in the TST carried out 4 h later. The minocycline Â LPS interaction (F 1,46 = 6.80, P < 0.05) for the duration of immobility was significant ( Figure  1d) . LPS increased the duration of immobility in the TST, and this effect was totally blocked by minocycline pretreatment. There was no significant minocycline Â LPS Â time interaction when the duration of immobility was measured in 1-min intervals throughout the entire 10-min test (Figure 1e) . Collectively, these data strongly suggest that acute activation of the peripheral innate immune system with LPS induces a depressive-like syndrome in mice that is not biased by acute sickness behaviors. Moreover, an antiinflammatory treatment is able to prevent the onset of these depressive-like behaviors.
Minocycline blocks central LPS-induced cytokine and IDO expression
To confirm the anti-inflammatory effects of minocycline, we analyzed proinflammatory cytokine and IDO mRNA expression in brain samples that was collected 28 h after administration of LPS. There was a significant minocycline Â LPS interaction for all variables of interest (TNF-a: F 1,46 = 14.06, P < 0.001; IL-1b: F 1,46 = 7.62, P < 0.01; IFN-g: F 1,46 = 5.98, P < 0.01; IDO: F 1,46 = 5.46, P < 0.05). LPS increased expression of TNF-a, IL-1b and IFN-g steady-state mRNAs (Figures 1f-h, respectively) , all of which was inhibited by pretreatment with minocycline (P < 0.01). Brain expression of IDO, which was undetectable in non-LPS-treated mice, was markedly increased as a result of LPS treatment (P < 0.01) (Figure 1i ), and this effect was completely abolished by minocycline (P < 0.01). Measurement of cytokine and IDO mRNA expression in discrete brain regions (brain stem, hypothalamus, hippocampus, striatum and frontal cortex) revealed a significant, ubiquitous upregulation in all regions in response to LPS, which precluded further analysis by brain region in these studies (data not shown).
1-MT specifically inhibits IDO and depressive-like behavior
To directly target IDO in vivo, mice were implanted with slow-release pellets containing either 1-MT (5 mg day À1 ) or placebo. One week later, mice were injected i.p. with LPS (0.83 mg kg À1 ) or physiologic saline. As opposed to the mice that had been pretreated with minocycline, 1-MT pretreatment had no effect on the LPS-induced reduction in body weight (Figure 2a) , acute reduction in LMA (Figure  2b) , febrile or anorectic properties of LPS (P > 0.05). Indeed, the robust sickness response elicited by LPS was wholly unaffected by 1-MT. Depressive-like behaviors were then measured at 24 and 28 h post-LPS injection. There was a significant 1-MT Â LPS interaction for duration of immobility in both the FST (F 1,28 = 5.51, P < 0.05) and TST (F 1,28 = 6.63, P < 0.05). LPS increased the duration of immobility in the FST (P < 0.01) and TST (P < 0.01), both of which were completely ablated in 1-MT-pretreated mice (P < 0.05) (Figures 2c and d) . Similar to Figure 1d , there was no significant minocycline Â LPS Â time interaction when the duration of immobility was measured in 1-min blocks throughout the 10-min test (Figure 2e ). There was, however, a marked increase in the cumulative duration of immobility during in LPS-treated mice, an effect that was inhibited by pretreatment with 1-MT (P < 0.05) (Figure 2d ). Together, these data establish IDO as a causative factor in the precipitation of depressive-like behaviors induced by peripheral inflammation.
To determine whether 1-MT also had an antiinflammatory effect, TNF-a, IL-1b and IFN-g (Figures 2f-h, respectively) mRNA expression was measured in the brains of mice 28 h following LPS treatment. Cytokine expression was markedly increased in response to LPS treatment (TNF-a: F 1,28 = 16.64, P < 0.01; IL-1b: F 1,28 = 25.47, P < 0.01; IFN-g: F 1,28 = 5.87, P < 0.05), but in contrast to the results with minocycline (Figures 1f-h ), this effect of LPS was not modified by 1-MT. However, the 1-MT Â LPS interaction was significant for IDO mRNA expression (F 1,28 = 7.62, P < 0.01). Pretreatment with 1-MT significantly reduced expression of brain IDO mRNA following LPS administration (Figure 2i ).
IDO inhibition normalizes kynurenine/tryptophan, but not serotonin turnover To determine the mechanism by which alterations in tryptophan degradation contribute to depressive-like Figure 1 , the 24-h change in body weight (a) and the reduction in locomotor activity 6 or 24 h after LPS injection (b) were measured. The duration of immobility during the forced-swim test (FST) was measured 24 h following administration of LPS (c). The duration of immobility during the tail suspension test (TST) was recorded 28 h post-LPS and measured either cumulatively (d) or in 1-min increments over the 10-min test (e). Immediately following behavioral testing, mice were killed, perfused with ice-cold phosphate-buffered saline and tissue collected. Steady-state expression of mRNA transcripts in the brain was measured by real-time reverse transcription PCR for (f) tumornecrosis factor-a (TNF-a), (g) IL-1b, (h) interferon-g (IFN-g) and (i) IDO. Data represent means±s.e.m. (n = 8 mice per group). Bars indicate statistical differences among groups. *P < 0.05, **P < 0.01. Average C t values for saline þ LPS-treated mice were IFN-g = 36 ± 1.7, TNF-a = 27 ± 0.4, IL-1b = 27 ± 0.3 and IDO = 32 ± 1.6. behavior, we measured tryptophan, serotonin and their metabolites in the brains of mice that were collected at the end of behavioral experiments. Consistent with existing literature, we found that plasma tryptophan levels were significantly reduced and kynurenine increased in LPS-treated mice (P < 0.01) (raw data not shown). There was a significant minocycline Â LPS interaction (F 1,46 = 4.56, P < 0.05) and a significant 1-MT Â LPS interaction (F 1,28 = 4.27, P > 0.05) for the plasma kynurenine/ tryptophan ratio. Pretreatment with minocycline or 1-MT attenuated the LPS-induced increase in the plasma kynurenine/tryptophan ratio (Figures 3a, d) . Neither pretreatment restored LPS-induced depletion of tryptophan levels (data not shown; P > 0.05), although they reduced kynurenine accumulation (data not shown; P < 0.05). Even though tryptophan concentrations were reduced in the plasma of LPStreated mice, brain tryptophan and serotonin concentrations were modestly but significantly higher in LPS-treated mice (Table 1a and b), with no pretreatment Â treatment interactions (P > 0.05). There was a significant minocycline Â LPS interaction (F 1,46 = 6.15, P < 0.05) and a significant 1-MT Â LPS interaction (F1,28 = 5.16, P < 0.05) for the brain kynurenine/ tryptophan ratio (Figures 3b and e) . LPS increased the kynurenine/tryptophan ratio and this effect was attenuated by both minocycline (P < 0.01) and 1-MT (P < 0.05).
To further investigate the effects of minocycline and 1-MT pretreatments on LPS-induced changes in serotoninergic neurotransmission, 5-hydroxytryptamine (5-HT) and its major metabolite, 5-HIAA, were measured in the brains of LPS-treated mice that were pretreated with either minocycline or 1-MT, as previously described. Turnover of serotonin was measured by comparing the ratio of 5-HIAA/5-HT. In each case, there was an LPS effect but no pretreatment Â LPS interaction, except that for minocycline Â LPS (F 1,46 = 11.43, P < 0.01). LPS treatment Figure 3 Minocycline and 1-methyltryptophan (1-MT) attenuate the lipopolysaccharide (LPS)-induced increases in the kynurenine/tryptophan ratio in both the plasma and the brain without affecting 5-hydroxytryptamine (5-HT) turnover. Mice were treated as in Figures 1 and 2 with minocycline or 1-MT prior to i.p. LPS injection. Kynurenine and tryptophan concentrations were determined by high-performance liquid chromatography (HPLC) in both the plasma (a, d) and brain (b, e), and the ratio of 5-HIAA/5-HT was measured in brain tissue (c, f). Data represent means ± s.e.m. (n = 8-14 mice per group). Bars indicate statistical differences among groups. *P < 0.05, **P < 0.01. Saline vs LPS groups in 1-MT-pretreated mice (d and e) approached significance (P < 0.1).
resulted in a significant 30% increase in the 5-HIAA/ 5-HT ratio (Figures 3c and f) (P < 0.01), and minocycline alone increased serotonin turnover. However, direct inhibition of IDO, using 1-MT pretreatment, had no effect on LPS-induced serotonin turnover ( Figure 3f ) (P > 0.05). Together, these results argue against any direct involvement of LPS-induced changes in 5-HT turnover rates in the depressive-like behavior that develops in LPS-treated mice. Rather, they indicate that degradation of tryptophan along the kynurenine pathway might generate neuroactive metabolites that contribute to induction of depressive-like behaviors.
L-Kynurenine induces depressive-like behavior
To determine if increased levels of kynurenine are capable of inducing depressive-like behaviors, independent of immune or IDO activation, we administered increasing doses of exogenous L-kynurenine i.p. to mice. Two hours later, LMA was unchanged in response to L-kynurenine (Figure 4a ), but the duration of immobility in the FST and TST was significantly increased (P < 0.05) at a dose of 3.3 mg kg À1 (Figures 4b  and c) . Doses 5-10 times higher tended to increase LMA, but no further change in FST or TST immobility was observed (data not shown).
Discussion
Understanding the pathophysiological mechanisms by which inflammation and depression are linked has wide ranging implications that spans both disciplines and clinical specialties. Although IDO activation has often been proposed to mediate the relationship between inflammation and depression, its causative role had never been tested. Results of the present experiments demonstrate that inhibition of IDO by targeting proinflammatory cytokine expression (via minocycline) or IDO itself (via 1-MT) blocks development of depressive-like behaviors in mice in response to LPS. This effect appears to be independent of LPS-induced changes in serotoninergic neurotransmission and could be due to IDO-mediated generation of tryptophan neuroactive tryptophan metabolites.
Minocycline acts very early in the chain of events that leads from Toll-like receptor 4 activation by LPS to IDO activation and depressive-like behavior. Its ability to block macrophage and microglial activation in various in vivo animal models of peripheral or brain inflammation has already been amply documented. For instance, minocycline is neuroprotective and reduces damage to the blood-brain barrier in models of ischemic stroke by attenuating microglial activation. 18 This effect could be mediated by inhibition of TNF-a production, since a similar protective effect was observed in TNF-a knockout or in wildtype mice that were treated with minocycline prior to the intraparenchymal injection of a dopamine neurotoxin. 28 Minocycline may also have therapeutic benefit for the treatment of HIV-induced neuroinflammation, as minocycline reduced the severity of encephalitis, suppressed viral load in the brain and decreased the expression of brain inflammatory markers in a Simian immunodeficiency model of HIV. 29 Further, inhibition of spinal cord microglial activation and cytokine expression by intrathecal administration of minocycline attenuated lowthreshold mechanical allodynia in two rat models of pain facilitation. 30 The anti-inflammatory effects of minocycline extend to the clinic. In a 48-week-long double-blinded placebo-controlled study, minocycline effectively relieved joint swelling and tenderness in patients with moderate rheumatoid arthritis. 31 The observation in the present study that minocycline attenuated the acute sickness response induced by LPS is therefore not surprising, although the level (peripheral vs central) at which this activity occurs has not been established. Inhibition of proinflammatory cytokine expression in the brain, including TNF-a, could be secondary to a peripheral antiinflammatory activity of minocycline, or it could be due to the ability of this tetracycline to downregulate microglial activation, and therefore the increased brain proinflammatory cytokine expression that ultimately mediates the sickness-inducing effects of peripherally administered LPS. [32] [33] [34] Although the ability of minocycline to inhibit expression of the inducible form of nitric oxide synthase during neuroinflammation is well documented, 20 its ability to block activation of IDO had not yet been tested. IFN-g and TNF-a are the main inducers of IDO activation. 5, 6 Minocycline has already been shown to block IFN-g-mediated protein kinase C (a/bII) phosphorylation and nuclear translocation of both protein kinase C (a/bII) and IRF-1, 17 which is necessary for IDO activation. It also inhibits nuclear factor k-B and MAP kinase activation, 35 which are both necessary for the synergistic effects of TNF-a and IFN-g on IDO activation. 36 In contrast to minocycline, the competitive antagonist 1-MT blocks only IDO without altering LPSinduced proinflammatory cytokine expression. This effect is associated with an abrogation of LPS-induced depressive-like behavior despite the absence of any alteration in LPS-induced sickness. This finding is in accord with previous published data that demonstrate independence between sickness behavior and depressive-like behavior in response to LPS. 10 Since its first characterization as a competitive inhibitor of IDO, 37 1-MT has become the compound of reference for IDO-blocking studies. 21, 22, [38] [39] [40] Its ability to block IDO activation in response to LPS is demonstrated in the present study by the decreased kynurenine/ tryptophan ratio that is observed in both the periphery and the brain of 1-MT-treated mice. Since the main consequence of IDO activation is development of immunotolerance because of an inability of tryptophan-deprived T cells to proliferate and induce cytotoxicity, blockade of IDO has mainly been studied in the context of reproductive physiology and tumor immune surveillance. 41 In the brain, IDO activation has been proposed to induce neurotoxic metabolites of tryptophan that contribute to the pathogenesis of cerebral malaria, 42 experimental allergic encephalomyelitis 17, 39 and Alzheimer's disease. 43 Although the implication of IDO activation in development of inflammation-associated depressive disorders has been suspected for many years based on increased peripheral concentrations of kynurenine, its causative role has never been tested.
Increases in IDO activity have the potential to negatively impact serotoninergic neurotransmission by decreasing bioavailability of tryptophan. Although a decrease in peripheral concentrations of tryptophan was observed in response to LPS, it did not translate into decreased brain tryptophan levels and was not associated with reduced serotoninergic neurotransmission. Instead, LPS induced an increased turnover of serotonin, as already described. 44, 45 This alteration in serotoninergic neurotransmission was not responsible for the development of LPS-induced depressive-like behavior, since it was not blocked by 1-MT. It could be argued that such an effect was not detected, because we did not measure serotonin turnover in discrete brain areas. However, the fact that cytokine-induced increased serotonin turnover is dependent on diffuse microglial activation does not favor such a possibility, since there is usually no difference in turnover rates between different brain areas following immune stimulation. 46 The lack of an effect on serotonin turnover does not preclude the possibility of more subtle cytokineinduced alterations in serotoninergic neurotransmission, as might be caused by increases in serotonin transporter expression 47 or modulation of specific serotonin receptor subtype 47 or sensitivity. Studies designed to specifically examine the effects of LPS and IDO activation on the temporal and spatial patterns of 5-HT-related processes in discrete brain regions still need to be carried out before being able to dismiss a possible serotoninergic component in the pathophysiology of LPS-induced depressive-like behavior.
